The essential feature of many experiments on adsorption, evaporation, surface diffusion, and surface chemistry consists of observing a psogress towards equilibrium after altering A the pressure of gas which has access to a solid, or B the temperature of a solid exposed to gas or gas mixture. But such observations only become adequate for investigating prob abilities of transition between the relevant physical and chemical states if the true rate of approach to equilibrium is not obscured or distorted by time lags in the experimental methods employed. If the term " re action velocity " be generalized to include rate of simple phase change, owing to the similarity of the latter to chemical change in its thermo dynamic treatment, then the limits to accessible range of such velocity are set by the following: (a) the maximum rate at which A or B can be made to stimulate reaction, (b) the rate at which resulting energy exchanges affect some observable quantity chosen as indicator, and (c) the rate at which the indicator can record itself.
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1-The Velocity of Surface Reactions
The essential feature of many experiments on adsorption, evaporation, surface diffusion, and surface chemistry consists of observing a psogress towards equilibrium after altering A the pressure of gas which has access to a solid, or B the temperature of a solid exposed to gas or gas mixture. But such observations only become adequate for investigating prob abilities of transition between the relevant physical and chemical states if the true rate of approach to equilibrium is not obscured or distorted by time lags in the experimental methods employed. If the term " re action velocity " be generalized to include rate of simple phase change, owing to the similarity of the latter to chemical change in its thermo dynamic treatment, then the limits to accessible range of such velocity are set by the following: (a) the maximum rate at which A or B can be made to stimulate reaction, (b) the rate at which resulting energy exchanges affect some observable quantity chosen as indicator, and (c) the rate at which the indicator can record itself.
Such limitations become serious in the study of reactions occurring in interfacial layers of monomolecular thickness. These present uniquely simple kinetics owing to the elimination of transmission delays in the actual reaction, since all the atoms may be exposed simultaneously to any agency of change; but reaction velocity becomes for that reason so large, in the interesting cases where intrinsic probabilities of transition are not extremely small, that detailed investigation by ordinary means becomes impossible. The difficulty is most acute when the solid surface is reduced to the dimensions of a filament capable of high-temperature flashing, to obey modern needs of reproducible cleanliness; the gas content is then so minute that all optical methods are inapplicable and no micromanometric or thermal observation can keep pace with the reaction. Time constants for the faster of these would seem essentially inaccessible except through cumulative methods, if it were not that, in certain cases, electron emission from a surface offers an observable quantity indicative of the state of surface layers, and responding instan taneously to any reactions which modify that state. Such thermionic and photoelectric emission has not hitherto been combined with fast enough recording to take full advantage of this rapidity of response; Langmuir* and others have used auxiliary vapours to avoid temperature ranges in which gas reaction would be rapid, while Oliphant and M oon,f and Evans, | have used mechanical oscillography for alkali ions only, whose behaviour is important in a low-velocity range. The extension which we here put forward, to phenomena rapid enough to justify introducing a cathode ray oscillographic technique, requires firstly certain improve ments in the timing, etc., controls of such instruments not needed for their normal u se; secondly, it requires theoretical and experimental deter minations of the limits imposed on observable velocity by the time taken in attaining pressure equilibria and thermal and electrical steady state, and by the speed of photography. These requirements in establishing the method for rapid surface processes are completed in Part I, in relation to the two standard ways A and B of initiating reaction by pressure and temperature. The conclusions are exhibited in photo graphic examples from phenomena well known but previously inaccessible to exact analysis, before proceeding, Part II, to apply them in the solution of particular problems.
2-M ethod
The gas reactions take place at a filament surface, which is cleaned between experiments by " flashing " until the electron emission exhibits the correct logarithmic relation to temperature for the standard condition of that particular emitter. A guard-ring system of anodes ensures that only an isothermal central portion of the filament contributes to the measured emissions.
The vertically deflecting plates of a cathode ray oscillograph § are con nected across a non-inductive resistance through which the thermionic current flows; hence ordinates on an oscillogram vary in known functional dependence upon any changes in filament temperature, and also upon any gas reactions which modify emission at a given temperature by altering the composition of the surface layers. During such reactions a time base of special design imparts suitable horizontal motion to the oscillograph spot, the photographed trace of which is transformable into a precise picture of the course of the reaction if the above functional dependences are known.
3-A pparatus
The cathode ray oscillograph used, Cossor Type C, was chosen to give a convenient compromise between the conflicting requirements of high electrical sensitivity and maximum photographic recording speed. The input impedance is high and comparatively constant for an oscillograph of the gas-focussed type,* so that the anode resistance in parallel with it can be as high as 103 ohms before appreciable distortion appears.
To obtain the necessary steadiness and smooth control of oscillograph electrode potentials, 50 cycle current from a battery-driven 0-5 KVA motor-alternator is transformed to 1500 volts and rectified, the filter circuit being so designed that the ripple on the output voltage is less than 0-05%.
The thermionic current collected by the anode A, fig. 1 , of the reaction chamber T passes through a non-inductive (strip) resistance R1? the resulting potential difference across it being applied to the oscillograph. The value of is chosen to give a suitable potential input (e.g., 30 volts) with the particular change in thermionic current investigated, so long as the above value of 106 ohms is not exceeded without a " buffer-valve " being interposed.
The voltage of the high-tension battery B1 is such that after allowing for the potential drop across Rx the anode current is always saturated. The guard-rings G have a total area four times that of the anode, so the total emission received by them is approximately four times the anode current. The resistance of R 2 is therefore ^Rx for the guard-rings to be at the same potential as the anode.
By change-over switches Sx and S2 a timing wave from a standard oscillator, and also the horizontal axis, are superposed on the same photo graphic plate as the main reaction curves, in addition to possible com parison curves. It is therefore important for all controls, in particular the time-base output, to remain constant between first and last exposures, say for five minutes. In our preliminary work we used the single-sweep time base devised by the Radio Research Board,! in which a condenser is discharged through a saturated diode. It soon became apparent that the sensitivity of anode current to diode filament temperature is so great that constancy and control of output are uncertain. We therefore decided to use a pentode, as had already been suggested for the recurrent-sweep form of time base.* It will be recalled that if the control grid of a given pentode valve has a large enough negative potential, and the auxiliary grid its normal positive potential, the anode current is independent of anode voltage if the latter is greater than about 50 volts. Our method of using this property is shown in the circuit to the left of fig. 1 . With the switch S3 closed the oscillograph spot is brought to the lefthand side of the screen by the batteries B3. The full 150 volts of B4 is applied to the anode of the pentode, and a steady current l a flows, of value depending on the control-grid bias. When S3 is opened the con denser C selected begins to charge. The potential V across C and the oscillograph plates rises to oppose the high-tension voltage, and the effective anode potential of the pentode falls. Since we have started with the anode voltage V0 at its maximum value, Va can fall by 100 volts * Haller, ' Rev. Sci. Instr.,' vol. 4, p. 385 (1933). d \jd t is constant until the spot is beyond the right-hand edge of the oscillograph screen. l a, and therefore is controlled by the grid bias and by the capacity of C. By connecting the potentiometer P across part only of the grid bias battery B5, the control of l a can be made very accurate and the grid potential will always be in the range giving linearity. Control of anode current by grid bias is much more certain and constant than by filament temperature.
S3 is a double-pole quick-action switch; one pair of poles is used for the time base as above, and the other for initiating the reaction, e.g., by changing a filament temperature or by opening a magnetic cut-off in a gas inlet. By including a relay or delay switch (or both) in either side of S3, the reaction may be started at a predetermined interval before or after the time sweep. Fig. 1 shows its use with a Post Office relay to raise the filament temperature by short-circuiting a series resistance.
The stability of the time base and oscillograph controls is tested con veniently by taking, at two-minute intervals on the same plate, three photographs of the same wave-form from the oscillator.
Overall calibration of the oscillograph and input circuits shows that the deflection is proportional to the input voltage if the region of " origin distortion " * is avoided, and if the potentials of the deflector plates oscillate symmetrically about the earth potential of the " gun," i.e., " push-pull " input.f Reference to fig. 1 will show that this latter con dition is satisfied for each circuit applied to the oscillograph. Unless otherwise stated, we therefore take the measured ordinates on the photo graphs to be proportional to voltage input, that is, to thermionic current. It should be noted, however, that the sensitivities of the oscillograph (mm/volt) in the v and y directions may differ by 10% owing to the disposition of the deflector plates with respect to the gun. Where necessary, the oscillograph circuits are shielded carefully against stray fields.
4-Experimental Limits
Electrical-Thermionic currents from the seat of reaction respond to modifications in the surface layer with a delay no greater than the time for transferring charge to anode. The response of the oscillograph spot to the resulting changes in deflecting potential is less rapid, owing to failure of " gas-focussing " at high speeds and the time of transit of electrons between the deflecting plates; the total time lag in oscillograph and reaction chamber still allows, however, in principle, the recording of surface changes within 10-7 sec. of their occurrence. In practice, the capacity and inductance of the thermionic circuit is designed to keep the time of self-adjustment of electrical steady flow to within the same order of magnitude.
Photographic-To determine the maximum photographic recording speed for a given oscillograph gun voltage, the two pairs of deflector plates are excited by equal alternating potentials of the same frequency at 90° phase difference.* The spot traces out a circle for each cycle of input voltage. Progressively increasing the circle diameter, by moving a potentiometer contact, produces a spiral which, if the frequency is high enough, gradually diminishes in intensity until the trace becomes invisible. At this point the spot velocity is calculable from the frequency and the radius of the spiral. By this means the adequacy of any lens-plate com bination is tested, with respect to any reaction velocity under investigation. With the oscillograph used, the maximum spot velocity giving a measur able trace is about 2 x 106 cm/sec.
5-Time Constants D elaying the D evelopment of a R eaction
The above electrical and optical limits make it clear that the usual restrictions on measurable velocity classified as (b) and (c) §1 can be removed far beyond those classified as (a); velocity ranges become dependent instead upon the standard methods A and B, of causing reactions to take place, as follows.
(i) Gas-kinetic-When A is adopted, and a reaction started by admitting gas to a surface whose temperature is constant, the limit to observable velocity is set by the slow attainment of pressure equilibrium; the most important section of a velocity curve must cover a period of constant pressure or of known variation of pressure. Using Knudsen's analysis, let pt and p 0 be the pressures in a reservoir of volume Y at time t and at zero time respectively, and let p' be the constant pressure at a pump separated from V by a vacuum system whose dimensions can be expressed as an average diameter d and length /. Then if dimensions and pressures are such as to satisfy the conditions of molecular flow, where C is the " conductance " of the system for gas of molecular weight M and temperature T,^ 62-8 x 103 / T \ M* \273 / / ' Since equation (1) is known to satisfy experiment as well as theory, it is used in §6 in connection with an example of oscillography of a rapid reaction.
(ii) Thermal.-When, on the other hand, B is adopted and the tem perature of an adsorbing surface suddenly raised, conditions must be chosen to enable an isothermal period of reaction to outlast sufficiently any initial period of thermal instability, since reaction velocity is chiefly of interest when associated with a set of fixed temperatures. Jones and Langmuir* have derived an expression equivalent to W (-n-n')-) HT2 )
( 2) for the approach to thermal equilibrium during time of a hot wire initially at Tx and switched as suddenly as possible to a higher T 2. H watt sec. per degree is the heat capacity of the wire, W is the power in watts needed to maintain constancy at T 2 when the instability is over, and n and n' are constants depending on temperature and on intrinsic properties, tabulated by Jones and Langmuir for pure tungsten. The derivation is in terms of " small " values of (T2 -Tx), and no experimental test of the equation seems hitherto to have been made. In §6 we indicate a substantial agreement between this expression and an oscillogram of the attainment of isothermal state after instability lasting a fraction of a second.
A further calculation shows that the heat loss or gain due to evaporation or deposition of the most strongly adsorbed gas layer is negligible com pared with the thermal capacity of the filament. The shape of the oscillogram during temperature change can also be proved to be unaltered by the cooling effect of the electron emission itself. Gen. Elect. Rev.,' vol. 30, p. 408 (1927) .
* '

6-E x a m pl e s
Certain aspects of the surface behaviour of oxygen afford examples of each of the foregoing principles. Following the work of Langmuir and others, it is well known that oxygen attacking incandescent tungsten at pressures of about 10-6 mm Hg deposits a layer which is probably a single array of atoms dissociated by the surface forces. The growth of this layer is usually considered to be " instantaneous," and its stability is such that evaporation takes many minutes at 2000° Abs and a second or two at 2500°. At higher gas pressures this type of adsorption is masked by the great rapidity of true oxidation whose products, mainly Cathode Ray Oscillography 303 0 0-1 t 0-2 seconds F ig 2 W 0 3, are far more volatile. The thermionic effect of any oxygen is a lowering of the electron emission from the tungsten to a very small fraction of its " clean " value; this offers a convenient indicator for oscillography of these reactions.
In fig. 2 the full line is obtained by measuring an oscillogram of a complex oxygen-tungsten reaction completed in less than 10-3 sec. The partially gas-covered filament becomes at first cleaner and then less clean within this time, as traced by the rise and fall of thermionic current, following the admission of a trace of gas. The dotted line shows the probable sequence of pressure development at the filament itself as this trace of gas enters and is evacuated, calculated from dimensions of the apparatus by combining two equations of the form 1.
The great rapidity of the deposition of oxygen is thus established beyond the limit of any previous method of measurement, and the difficulty of correlating the course of the reaction with pressure is demonstrated by the comparison of full and dotted lines which are on the same time scale. The course of the pressure graph is only calculable approximately, being dependent upon factors not included in equation 1, notably the partial adsorption of admitted gases on the walls of the apparatus. Where such condensation on walls is very marked, as with metallic or organic vapours, the normal mechanisms of admission used in method A can be replaced by the movement of a magnetic shutter across a molecular ray beam, since 0-6 seconds F ig 3 the straying of scattered particles can in such cases be prevented by surface freezing. This device, however, offers little hope of establishing a sudden constancy of attack, by any of the less condensible gases, to the extent required by a reaction of the rapidity illustrated.
In fig. 3 the time lag associated with method A of initiating reaction is replaced by method B. The full line is the oscillograph record of th rise in electron emission from a clean tungsten filament on suddenly switching from 2065° to 2445° Abs, and is plotted from the top curve ol fig. 4 . The dotted line is the progressive rise in temperature calcu lated by inserting the appropriate numerical values for this particular filament in equation (2). The dashed line is the simultaneous rise in electron emission computed from these theoretical temperatures by the usual Richardson equation for pure tungsten. Comparison between the three curves shows that in spite of extending a theory of " small " tem perature steps to one of over 300°, the course of the oscillogram is sensibly parallel to that of the computed emission. The setting of the relay, fig. 1 , has caused an initial delay of about 0 T sec., and origin distortion in the cathode ray oscillograph vitiates the first 5% of any measured ordinate.
Hence the delay in reaching thermal equilibrium, although it confines method B to those reactions which appreciably outlast 1 /3 sec is definite and repeatable and in accord with theoretically derived principles; for such reactions of the more permanent gases method B allows use to be made of the precision of oscillograms. In comparison, the less definite attainment of pressure equilibrium in the method of isothermal gas admission is more suited to organic and metallic reactions. In the lower line of fig. 4 , the same temperature step is applied to the same filament after oxygen adsorption; the surface layer, which was comparatively stable at the initial temperature, evaporates rapidly at the higher, recording an exponential approach to the recovery of " clean ** emission. The portion of this recovery curve which remains to be com pleted after the upper curve has become horizontal, is available for measuring rate of evaporation at the constant temperature 2445° Abs, an example of data used in detail in a subsequent paper. Fig. 5 is a similar pair of " clean " and " evaporating " oscillo grams, starting with a smaller proportion of surface covered with gas and hence providing data concerning later stages of the process. Fig. 6 represents an avoidance of both delays attendant upon normal operation of methods A and B, by allowing recovery from pre liminary instability to be completed while an earlier reaction in the reverse direction is taking place; the natural termination of this reverse action can then itself initiate the process which it is desired to study, with thermal or pressure equilibrium already attained. In contrast to the mode of formation of the slowly evaporating oxygen layer seen in figs. 4 and 5, excess gas has been admitted, causing the emission to fall by I_______ |_______ |_______ 0 1 2 Seconds F ig. 5 oxidation from the level represented by the upper horizontal trace, before the photograph begins. The time period of this oscillogram begins with the subsequent volatilization of the oxide, traced by the rise in emission to above its initial partially clean level as the pure metal below is exposed. A slight trace of gas still persists and causes a third reaction, shown by a second fall of emission setting in as evaporation of the more volatile contamination is completed. Since the temperature in fig. 6 is about 2000° Abs, at which the evaporation of the stable oxygen layer seen in fig. 4 and fig. 5 would take many minutes, the almost complete rise in \ sec in fig. 6 exhibits the contrast between the two kinds of oxygen contamination with a definiteness not previously available. Such re actions as the faster of these, when occurring at higher temperatures, require the complete resources of oscillographic speed, as indicated in fig. 2 . We proceed in Part II to the measurement of a series of plates of the type of figs. 4 and 5, in order to determine the durations of adsorbed life, and hence the heat of evaporation, for the more stable oxygen layer.
7-Summary
By connecting the plates of a cathode ray oscillograph across a resist ance carrying a thermionic current, photographic traces are obtained recording the progress of any gas reactions which modify the electron emission from a solid surface. This provides an indicator of such re actions, free from the time lags inherent in other attempts to measure highvelocity chemical and physical processes at a gas-solid interface. The laws governing the scope and limitations of this method are obtained; a new time control is described, required for an oscillographic system used for this purpose, and a theoretical and experimental analysis is made of the transient thermal and pressure instabilities which occur when gas is admitted to a high vacuum or the temperature of a solid suddenly raised. Oscillograms exemplifying this analysis are reproduced, selected from the behaviour of oxygen at a tungsten surface, and preliminary to a measure ment by this method of the duration of certain adsorbed states.
